Abstract The optimum activity for glucose electrocatalytic oxidation was found by screening along a large spread cosputtered combinatorial copper-palladium library (2.6 at.% to 39.2 at.% Pd) in neutral media using flow-type scanning droplet cell microscopy (FT-SDCM). The elemental composition and the surface topography were characterized along the compositional spread using energy dispersive X-ray spectroscopy (EDX), as well as atomic force microscopy (AFM). The study proves that the entire range of alloys can be implemented in glucose detection. The highest catalytic effect was obtained at a Pd content of 8.2 at.% (E SHE = 0.58 V) with a current density value of 7.33 mA cm , normalized to the stepwise increase of 1 mM glucose. Also, a good longterm stability, reproducibility (relative standard deviatioñ 5%), as well as the selective sensitivity to glucose oxidation were demonstrated by performing measurements in the presence of other compounds found in blood (e.g., ascorbic acid and uric acid).
Introduction
Various technological studies on the development and analysis of combinatorial materials have attracted an increased attention in the last decade. Previous studies have emphasized the benefits of combinatorial approaches. Combining various methods in the field of electrochemistry and analytics allows multiple experiments which provide a considerable number of data in a relatively short time [1] [2] [3] . New materials such as binary, ternary, or even n-component materials can be fabricated in a fast way and in a one-step experiment. The fabrication methods may be different, such as co-sputtering [4, 5] , thermal co-evaporation [6, 7] , as well as electrodeposition [8] of thin film combinatorial libraries. One characteristic of these thin film material libraries is the change of the composition along the entire sample length (or length and width for ternary systems) as a function of the position on the substrate. Consequently, a change in the material properties within the material library is obtained. Recent reports revealed that screening along a Cu-Pd compositional spread led to the determination of an optimum composition with augmented electrocatalytic activity towards glucose oxidation [9] . In the last years, the development of electrode materials for fast detection of biological substances such as amino acids, enzymes, as well as the concentration of the blood glucose level has received an increased interest [10] . These sensing materials have many promising application fields such as food industry, glucose-air fuel cells, in clinical detection and for environmental monitoring [11] [12] [13] . The development of suitable electrochemical glucose sensors for an accurate detection of glucose concentration has attracted special attention due to their simplicity, high sensitivity, reliability, good selectivity, fast response, low-cost fabrication, compatibility to miniaturization, and low detection limit. For persons with diabetes mellitus disease, the development of new materials or even the improvement of such sensing materials for monitoring the concentration of blood glucose is of high importance. Previous studies describe the development of enzymatic glucose sensors [10] . However, the stability of the enzymes depends to a large extent on temperature, humidity, as well as the pH, and in special cases also on radiation during an overseas flight, and disadvantages such as the complicated immobilization process or operational parameters require that alternative materials are found. Consequently, non-enzymatic glucose sensors have attracted increased attention. Various metals such as Au [14, 15] , Pt [16, 17] , and Pd [18, 19] are used for the electrocatalytic oxidation of glucose. Clear advantages such as higher catalytic activity, lower costs, and lower poisoning effects on the catalysts' surface make pure Pd particularly suitable for being used as electrocatalyst as compared to pure Pt. Nevertheless, disadvantages such as high material costs and poisoning effects on the catalysts surface triggered the search of alternative materials. Alloying Pd with a nonnoble metal lowers the material cost tremendously [9] . Cu and its alloys showed good corrosion resistance and electrocatalytic behavior towards glucose oxidation [9, [20] [21] [22] .
Therefore, in this work, the promising properties of pure Cu and Pd were combined for the first time to investigate the electrocatalytic oxidation of glucose on a combinatorial thin film material library. A co-sputtered Cu-Pd thin film library with a continuous compositional spread was used for electrocatalytic oxidation of glucose using a flow-type scanning droplet cell microscope (FT-SDCM).
Experimental Details Fabrication of the Cu-Pd Thin Film Combinatorial Library
The copper-palladium (Cu-Pd) thin film material library was deposited by co-sputtering in a multi sputter gun system (CODO) on glass substrates (26 mm × 76 mm) which were previously coated with a thin Cr layer (20 nm) necessary as adhesion promoter. Prior to the metals (Cr, Cu, and Pd) deposition, the base pressure in the sputtering chamber was approximately 10 −8 hPa. The depositions were carried out at a pressure of 0.8 Pa, in Ar. At first, the glass substrates were coated with the thin Cr layer. In order to obtain a uniform Cr thickness, the substrates have been rotated during the sputtering process. Afterwards, without breaking the vacuum, the co-deposition of Cu and Pd has been performed at room temperature and without substrates rotation. The target arrangement is in confocal geometry with 180°between them around the normal of the substrate and 90°against each other in the plane of incident beam. Using this geometry, a composition gradient along the substrates is achieved. In order to obtain the desired compositional spread, three different independent processes had to be performed at different sputtering powers on the Cu and Pd cathodes. The deposition time was 45 min for all samples. Sample I has been deposited using 6 W sputtering power for Pd and 100 W for Cu, sample II with 11 W for Pd and 80 W for Cu, and sample III with 25 W for Pd and 74 W for Cu. The aforementioned necessary power values were calculated using a self-developed software based on a mixed matter theory in order to obtain the desired compositional spreads. The target diameter was 2 in. (50.8 mm). The elemental composition was characterized using energy dispersive X-ray spectroscopy by screening along the entire compositional spread (INCA X-Sight Oxford Instruments). Surface roughness was determined by means of scanning force microscopy (Asylum Research MFP-3D Stand Alone AFM). On each area, three 1 × 1 μm 2 scans were performed to calculate the root mean square (R q ) values. All AFM measurements were carried out in intermittent contact mode (set point 65%) in air.
Flow-Type Scanning Droplet Cell Microscopy
For all electrochemical investigations, a flow-type scanning droplet cell (FT-SDCM) was used. The electrochemical cell consists of a 3D-printed polymeric block, which was designed for a three-electrode configuration. At the tip of the FT-SDCM, a small droplet of the electrolyte was formed and brought in contact with the investigated surface. For a proper sealing, a sealing ring (polymeric rubber, 0.5 mm thick) was glued at the tip of the FT-SDCM exactly matching the tip opening. Detailed information about the construction and operation of the FT-SDCM can be found elsewhere [23] . An Au wire serves as counter electrode and an AuHg/Hg 2 (CH 3 COO) 2 /NaCH 3 COO was fabricated as reference electrode. Therefore, a high purity Au wire (99.999%) was cleaned with acetone and ethanol in an ultrasonic bath for 5 min. The deposition of the mercury was done by polarizing the Au wire to 0.2 V (SHE) for 180 s in a 0.1 M Hg 2 (NO 3 ) 2 electrolyte solution. Then, the amalgamated wire was rinsed with distilled water. For the deposition of Hg 2 (CH 3 COO) 2 , a 1 M NaCH 3 COO solution was prepared. The deposition of Hg 2 (CH 3 COO) 2 was done by polarizing to 0.58 V (SHE) for 600 s. To improve the mechanical stability, the wire was inserted into a Teflon tube and filled with a hot mixture of 1 M NaCH 3 COO and 4 wt.% agar. After cooling and solidification, the fabricated reference electrode was stored in 1 M NaCH 3 COO electrolyte solution [24] . Counter and reference electrodes were inserted into the FT-SDCM. A selfdeveloped peristaltic pump was used for filling and flushing the volume of the electrochemical cell through an electrolyte inlet/outlet. All electrochemical experiments were performed in contact mode by pressing the cell with a defined force of 2 N against the analyzed surface in order to guarantee a precise delimitation of the wetted area. Due to the non-uniform elastic deformation of the sealing ring, the examined surface was determined by local anodization of a valve metal [25] . For this purpose, a Ti plate was anodized using an acetate buffer solution with pH = 6.0. The areas of the obtained colored TiO 2 spots were measured using optical microscopy [26] . The wetted area on the working electrode was determined to be 0.984 mm 2 . For the electrochemical study, chemicals of analytical grade were used with no further purifications. All electrochemical investigations were performed using a CompactStat Potentiostat (Ivium Technology, The Netherlands).
Results and Discussion
The EDX characterization performed on the library ( Fig. 1 ) revealed an overall compositional ranging from approximately 2.5 at.% Pd to 39 at.% Pd (complementary Cu). The sputtering powers and consequently the achieved spreads have been adjusted in such way that between two adjacent samples, there is a compositional overlap on a significant length from the sample's edge (≈ 25 mm). This overlap was especially tuned in order to observe if there is an influence of the sample preparation conditions and/or edge effects on the electrocatalytic properties under investigation. The samples have been characterized in several points by X-ray diffraction for crystallographic information, and only the presence of a Cu phase with face-center cubic structure was found. Detailed analysis of the diffractograms, with the lattice parameters and crystallite size calculations, as well as scanning electron microscopy of the surface as a function of Pd content for a similar library, was reported somewhere else [9] .
AFM images of the surface acquired in selected points along the library are presented in Fig. 2 . As indicated by the surface topography, there is no significant change of the grains' morphology with increasing Pd concentration. The only difference is in the grains' maximum height, which, as a general trend, is increasing with increasing Pd concentration from approximately 20 nm for low Pd concentration to 50 nm for higher Pd content. However, along each sample, there are variations in the maximum height with the values not showing a clear dependency on the Pd concentration increase. The same type of dependency is found when analyzing the surface roughness (expressed by root mean square of roughness-R q ) as shown in Fig. 3 . For each Pd concentration, the R q values were obtained from measurements performed in three different areas in order to obtain statistical information about the surface. The standard deviation values are shown as error bars in Fig. 3 .
The Pd concentrations where the AFM measurements have been performed were chosen in such a way that there was an overlap in the range of approximately 7 to 10 at.% Pd between sample I and II. Following the trend of the grains' maximum height from the 3D images of the surface (Fig. 2) , also the roughness of sample I is decreasing from approximately 3.5 nm for 2.9 at.% Pd to 2.5 nm for 7.3 at.% Pd, followed by a sudden increase to 3.3 nm for 8.4 at.%, and then a drop in R q for 9.7 at.% Pd. The same non-linear variation of R q as a function of Pd concentration increase is seen in sample II, with a sudden increase of R q for 7.9 at.% Pd, then followed by a drop in the R q value. Interestingly, exactly in the same compositional region between 7.5 and 9 at.% Pd, there is an extremely large standard deviation in the roughness values on both sample I and II, indicating a very non-uniform surface roughness local distribution. For higher Pd concentrations, the R q values are steadily increasing, even though the standard deviation values are high as well. This fact can be related to the coalescence of small crystallite and the subsequent formation of a few larger grains for concentrations higher than approximately 10 at.% Pd [9] , as also observed in the images from Fig. 2 . The presence of these higher, isolated grains lead most probably to an increase in roughness, and simultaneously to very different R q values for the same composition.
Electrocatalytic Oxidation of Glucose
The electrocatalytic oxidation of glucose was investigated by screening along Cu-Pd thin film combinatorial library in phosphate buffer solution (PBS) at pH 7.4. Cyclic voltammetric measurements in a maximum range of − 1.00 to 1.30 V vs. SHE with a potential increase rate of 0.02 V s −1 were performed. As reference, the obtained cyclic voltammograms (CV) for pure Cu and Pd with and without the addition of glucose are presented in Fig. 4 . Part (a) of Fig. 4 shows the results of the measurements on a pure Cu thin film in the absence of glucose (dotted orange line). In the anodic scan direction, two well-defined anodic peaks are visible, which can be attributed to the Cu + (− 0.01 V vs. SHE) and Cu
2+
(0.17 V vs. SHE) oxide formation [27] . In the cathodic scan direction, the observed peak at − 0.21 V (SHE) can be attributed to the Cu oxide reduction, which is in good agreement with previous studies [28] . In the presence of glucose (35 mM) in the electrolyte solution, two well-defined anodic peaks at 0.26 and 0.45 V (SHE) were obtained (orange line). At a potential of 0 V, the oxidation process started and is inhibited by the electrode oxidation, which is indicated by a sudden drop of the current density to the base current of the measurement without the addition of glucose. Figure 5 shows the schematic illustration of the electrocatalytic oxidation of glucose that may proceed on the electrode surface. Generally, the glucose adsorbs on the metal surface during the oxidation process [29] . Due to the presence of delectrons in the metallic electrode material, a favorable bond is formed between the adsorbed glucose molecule and the substrate. A change in the oxidation state of the sensing material can cause a change in the bonding strength and as a result, it allows the desorption of the oxidized species from the catalysts' surface [30, 31] . Fresh Cu-Pd surface is exposed and the glucose molecule can adsorb to the catalysts' surface from the electrolyte solution allowing the oxidation reaction to proceed. Figure 4 (b) presents the result of the cyclic voltammetric measurements of pure Pd in the absence (dotted gray line) and presence (gray line) of 35 mM of glucose. From the measurements without the addition of glucose, a well-defined anodic peak was observed at a potential of − 0.40 V (SHE) due to the adsorption and absorption of hydrogen [32, 33] . At higher potentials (> 0.4 V) in the anodic scan direction, PdO is formed [34] . At − 0.17 V (SHE), a cathodic peak was obtained indicating the PdO reduction [34, 35] . After the addition of 35 mM glucose to the electrolyte solution, an anodic peak at − 0.38 V (SHE) was obtained. Comparing the CV before and after the glucose addition, this anodic peak was still visible, but the current density was reduced by half as compared to the peak in the absence of glucose. The decrease of the current density value in the hydrogen adsorption region occurs due to the adsorption of glucose molecules on the electrode surface [31] . At − 0.08 V (SHE), a very strong increase in the current density value in the range from − 0.3 to 0.14 V vs. SHE was observed, which corresponds to the glucose oxidation. The glucose molecule adsorbs on the electrode surface, and the organic species can be oxidized to gluconic acid due to reaction (1). The oxidation process continues and it is inhibited by the Pd oxide formation on the catalysts surface, which seems to be inactive for the glucose oxidation.
The electrocatalytic oxidation of glucose was also investigated on the Cu-Pd thin film combinatorial library in a PBS having the pH = 7.4. Therefore, cyclic voltammograms were recorded in a maximum potential range from − 1.0 V (SHE) to 1.38 V (SHE) at various Pd concentrations along the entire . The first cycles at selected Pd concentrations are presented in Fig. 6 . As reference, the cyclic voltammograms which were measured without the addition of glucose are also presented and they show an identical behavior (dotted lines in Fig. 6 ). In the positive scan direction, an anodic peak was observed at − 0.06 V (SHE) for Cu-2.7 at.% Pd thin film alloy. The obtained peak can be attributed to the electrocatalytic glucose oxidation when compared to the measurement performed in the absence of glucose. Even the addition of a small amount of Pd has a large influence on the measured CV, which resulted in the shift of glucose oxidation potential from 0.26 to − 0.06 V vs. SHE. The oxidation process started at a potential of − 0.25 V (SHE) and it is inhibited by the thin film electrode oxidation (0.1 V vs. SHE), which is indicated by a sudden drop of the current density value to approximately 2.01 mA cm . Increasing the Pd content in the thin film alloy caused a shift of the oxidation peak to a more negative potential (0.09 V vs. SHE for Cu-21.9 at.% Pd). At more positive potential region, an additional anodic peak occurs with increasing Pd amount. At approximately 0.85 V (SHE) for the highest Pd concentration, the obtained anodic peak can be attributed to the PdO and PdO 2 formation [34] . The maximum of the current density peak for the glucose oxidation peak in the anodic scan direction was plotted as a function of the Pd concentration in order to determine the electrocatalytic properties towards the glucose oxidation within the material library (Fig. 7) . It can be clearly seen that with increasing the Pd content in the Cu-Pd thin film combinatorial material library, an increased current density value was obtained. An optimum of the current density value was found for a Pd concentration of 8.2 at.% at approximately 7.33 mA cm . Comparing the current density value of the starting composition (2.8 at.% Pd) with the obtained current value for a Pd amount of 8.2 at.% showing the highest catalytic effect, the latter is approximately 1.4 times higher. A further increase of the Pd concentration in the Cu-Pd thin film alloys showed a decrease in the electrocatalytic effect. For a Pd content of 10.3 at.%, the current density value retains 80% of the current density value for the highest catalytic effect. The current density values leveled off a constant plateau at approximately 4.5 mA cm −2 for higher Pd concentrations (> 11.7 at.% Pd). The compositional gradient of the Cu-Pd thin film combinatorial library was chosen in this way that an overlapping part in the Pd concentration was obtained. As evidenced from Fig. 7 , for adjacent samples, similar current density values were obtained independently from the sample number. For samples I and II, the maximum current density value was measured for a Pd content of 8.2 at.%. These results lead to the conclusion that the Pd content plays a major role in the glucose oxidation process. Additionally, large variations in the local surface roughness were found in this compositional region (7.5-10.5 at.% Pd) (Fig. 3 ). Therefore, it is possible that the enhanced electrocatalytic properties occur due to a suitable Pd content combined with this local non-uniformity in the surface features which may trigger improved adsorption, desorption, and/or kinetic effects. For a similar Pd content (7.5 at.%), enhanced properties for electrocatalytic oxidation of formaldehyde were also Fig. 5 Schematic illustration of the reaction mechanism for the electrocatalytic glucose oxidation adapted from [29] found on Cu-Pd sputtered combinatorial libraries and this feature was attributed to a combination between Pd concentration triggering different electron density on the surface, crystallite size, grain orientation, and surface microstructuring [9] , facts which support as well the present findings. Due to the easy fabrication as well as the good performance concerning the electrocatalytic oxidation of glucose, Cu-Pd thin film alloys make this material a good candidate for being used as non-enzymatic glucose sensor and it can be further used for the glucose concentration detection. In order to investigate the glucose sensing efficiency, the amperometric response of the Cu-Pd thin film combinatorial library was determined. Therefore, a time-dependent curve was recorded at the glucose oxidation potential (− 0.05 V) for the Cu-8.2 at.% Pd, which showed the highest electrocatalytic efficiency. Figure 8 presents the results of the amperometric response after the successful addition of various glucose concentrations (0-100 mM), which are indicated by an arrow. This experiment was performed under flowing conditions with a flow rate in the range of milliliters per hour that allows quasi-stationary conditions. The use of a flow cell conferred the possibility to investigate the online glucose monitoring behavior of the sensing material (e.g., environmental monitoring, blood glucose concentration [11, 36] ). The measurement without the addition of glucose is shown as background level. The current density reached a plateau at 0.15 μA cm −2 after 10 s. The current density value increased after the addition of a welldefined amount of glucose, and the glucose oxidation process was indicated by a steady state current density plateau. From  Fig. 8 , it can also be observed that the increase of the current density plateau is based on an equidistant increment, which can be related to the glucose concentration. To determine the Fig. 7 The maximum current density of the glucose oxidation peak as a function of the Pd concentration along the entire compositional spread . Performing a linear fitting of the calibration data yields a correlation coefficient of 0.9752 (0-25 mM glucose) and 0.9902 (25-60 mM glucose). The observed linear range is in good agreement with previous studies. In Table 1 , the results of these studies [38] are summarized.
Comparing the Cu-8.2 at.% Pd with various Cu and Pd alloys, as well as noble metal electrode materials, the investigated thin film alloys showed a wide linear concentration range. Additionally, the lower detectable concentration range of the current work is in the physiological level (3-8 mM glucose), and the upper detection limit is far above the physiological range. This aspect makes these particular alloys (approximately 7.5 to 10.5 at.% Pd in Cu) easily implementable in glucose detection devices for physiological levels [35] . Even the addition of a small amount of Pd (8.2 at.%) showed a high electrocatalytic effect towards glucose oxidation due to the surface adsorption modification. Furthermore, this good performance of the electrode material is due to the alloyed Cu, which is responsible for a lowering effect of the electronic binding energy of Pd [33] . The fabricated Cu-Pd non-enzymatic glucose sensor exhibits a good sensitivity, low detection limit, and a wide linear concentration range compared to previously investigated glucose electrode materials. Additionally, important parameters such as reproducibility, repeatability, and stability for sensing materials have been tested. For these purposes, all electrochemical investigations were performed in a mixture of 35 mM glucose and a PBS pH 7.4 using the FT-SDCM. First, the reproducibility of the fabricated Cu-Pd thin film combinatorial library was investigated for all thin film alloys along the entire compositional spread. Cyclic voltammetric measurements were recorded on the same library and substrate, and the results are presented in Fig. 7 (error bars). The relative standard deviation was not larger than 5% for the investigated composition. Comparing the adjacent samples, which were fabricated under the same conditions, similar results of the observed current density values for identical Cu-Pd compositions at the maximum of the glucose oxidation peaks were obtained. Furthermore, the stability of the Cu-10.2 at.% Pd thin film alloy was investigated by recording cyclic voltammograms under a constant flow with a flow rate in the range of milliliters per hour. All stability measurements were performed on the same spot, and the sensing material was rinsed with distilled water as well as dried with nitrogen gas. The Cu-Pd thin film alloy was stored in a clean place under laboratory conditions. Figure 9 shows the recorded cyclic voltammograms after 7, 14, and 21 days. After 7 days, the current density value decreases with 3% and after 14 days with 6% from the initial current density value (approximately 6 mA cm
−2
). The obtained current density value at the maximum of the glucose oxidation peak remains 89% from the initial current density value after 21 days. Overall, the studied Cu-Pd thin film alloy showed excellent reproducibility, repeatability, and stability as glucose sensor.
Since additional compounds such as ascorbic acid (AA) and uric acid (UA) are found in glucose solutions (e.g., blood), selectivity studies for glucose detections have been performed. For this purpose, a defined amount of AA and UA (20 mM each) was added to the PBS pH 7.4 electrolyte solution. In an attempt to study the influence or interference of these organic compounds, amperometric measurements were performed using the FT-SDCM in order to determine the selectivity of the Cu-8.2 at.% Pd alloy. The flow cell simulates the real sample analyses, where such non-enzymatic glucose sensing materials are being used for online monitoring of glucose concentration. In Fig. 10 , the results of the amperometric detection of the selectivity study are presented. The measurements were performed with and without the addition of AA and UA solution at the glucose oxidation potential of − 0.05 V (SHE). After 100 s, the current density reached a background level. First, the organic compounds were added to the electrolyte solution. The inlet of . The detection error was found to be 5%. After 100 s, UA was added to the solution, and the increase of the current density value was approximately 10% higher than after the addition of AA. Considering the measurement error in the ± 5% range, a clear distinction cannot be made between the current density Fig. 9 Cyclic voltammetric measurements performed on the Cu-10.2 at.% Pd alloy after 7, 14, and 21 days showing the small decrease in the current density maximum, therefore indicating the high stability in the presence of AA as compared to AA + UA. The addition of 10 mM glucose in the solution resulted in a very strong increase in the current density value, which confirms the previously observed results from the calibration curve. The glucose oxidation current density plateau was reached after 5 s, which indicates a fast response. Additionally, there is a very clear distinguishability between the oxidation current density plateau and the background level due to the significant increase of approximately 1 mA cm −2 after addition of 10 mM glucose. Further addition of another 10 mM glucose resulted in an increased current density plateau. Simultaneously, the equidistant increment of the current density value was observed which is in good agreement with the calibration curve (Fig. 8) .
Conclusions
In the current work, the electrocatalytic oxidation of glucose was investigated on a Cu-Pd thin film combinatorial library in a PBS pH 7.4 electrolyte solution. The Cu-Pd samples were fabricated by co-sputter deposition and they were screened along the entire compositional spread (2.6 at.% to 39.2 at.% Pd) using an FT-SDCM. Cyclic voltammetric and chronoamperometric measurements were performed and the entire series of alloys showed suitability for being used in the glucose detection, but with different efficiencies. The highest electrocatalytic effect was found for a composition of 8.2 at.% Pd. Additionally, the performance of this thin film alloy (Cu-8. , normalized to the stepwise increase of 1 mM glucose. Therefore, with the use of combinatorial thin film libraries, a very narrow compositional range of Cu alloys with Pd concentrations ranging from 7.5 to 10.5 at.% was discovered, which demonstrates their suitability for being implemented in device fabrication as non-enzymatic glucose sensors with high amperometric response reproducibility (relative standard deviation~5%), long-term stability, as well as selectivity to glucose oxidation.
